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Abstract 
Starting with a practical drying process and an explosion case, the significance of modelling the solvent vapor concentration is discussed. 
With a simple calculating equation and several mathematical and experimental methods used, a model of flammable gas concentration 
during the drying process is proposed. Key factors that influence the concentration value most are obtained to give a method of 
controlling the concentration of solvent vapors in order to avoid explosion danger. Practical applications and field experiments have been 
made to prove the accuracy of the model and the feasibility of the concentration control method. A satisfactory modelling effect is shown 
in the results and a successful improvement to an actual drying process is also made by reducing the top solvent vapor concentration to 
3.7%, which is below the lower explosive limit. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Beijing Institute of 
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Nomenclature 
V0 total volume of the dryer(m3) 
c concentration of solvent vapor(%) 
D  volume of solvent vapor(m3) 
L flow rate of fresh air(m3/s) 
T processing temperature(oC) 
n substance amount of solvent(mol) 
v1           gas molar volume(m3) 
k             an empirical constant which is 9300 s/ oC 
1. Introduction 
Hot air circulation drying is a widely used drying technology, in which circulation of heated air is used for reducing the 
production time and improving the efficiency. This technology is much more economical and energy saving without a 
reduction of production quality. However, there is a potential safety hazard when it is used in drying organic coatings 
because of the accumulation of the flammable solvents vapors which is released during the drying process.  
To solve this problem, a number of researches have been done. A safer program of varnished winding is proposed by Yin 
Mo after studied the characteristic of this kind of drying process[1]. With a nylon fiber drying explosion case studied and 
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some related data measured, the mechanical models of dryer explosion are built by Luca Marmo[2]. It’s useful when 
predicting a possible explosion hazard in production. Gupta came up with a way to improve process safety by using better 
equipment. For example, use expansion drying tower instead of tray drying tower[3]. Safe drying temperature is determined, 
with a number of small-scale methods used, on a 2 ton scale, of an organic powder and the temperature for which the Time 
to Maximum Rate (TMR) is 100 hours is also predicted to compare the results[4]. In addition to the researches of the dryer 
safety, there are also many studies on principles and process of gas explosion. A method in calculating the pressure rise and 
the temperature in combustible gas explosion in a closed space is proposed by WANG Zhirong[5]. Mechanism and 
influencing factors of gas and dust explosion is investigated by Maisy H.R.[6]. 
Because of the complicated operating environment and the multi-factor influence, there is no explosion mechanism and 
prevention research in connection with the hot air circulation drying process. It is widely accepted that the main reason of 
dryer explosion in a coating drying process is the continuing concentration of the solvents vapors, which may lead to 
formation of explosive mixtures[7]. If the concentration of solvents vapors in the dryer can be simulated beforehand, key 
factors influencing the concentration can be found and confined, then the drying process will be safer and more controllable. 
A practical way in modelling the concentration of solvents vapors in hot air circulation drying process is proposed in this 
paper, with the above-mentioned points considered. Results of research on key factors affecting the concentration are also 
presented to introduce a practical way to control the concentration of solvent vapors during the drying process. 
2. Process and case study 
2.1. Study on typical indirect heating recirculation dryer 
The schematic diagram of a typical indirect heating recirculation dryer is represented in Fig.1. 
 
 
Fig. 1. Schematic diagram of typical recirculation dryer. 
As is shown in the figure, the heat conduction oil heated by stainless steel electric heating tube is transferred by the oil 
pump to heat the air and the work pieces inside the drying chamber. The equipment is efficient and energy-saving by using 
circular heated air. However, when the work pieces are covered with coatings containing flammable solvents, the 
concentration of solvent vapors may reach the lower explosive limit (LEL) by continuously evaporating. Then explosive 
mixtures which may lead to an explosion accident can be formed. 
479 DOU Xing and TIAN Zhen /  Procedia Engineering  45 ( 2012 )  477 – 482 
2.2. Explosion case study 
An explosion accident occurred in a plant in Guangzhou on August 13th, 2011, when a drying process of work pieces 
covered with coatings is running. An indirect heating circulation drying technology is used in this plant. The accident 
caused 2 grievous injuries and over 3.6 million in direct losses and the situation of damage in the plant is shown in Fig.2. 
 
(a)   (b)   (c)   (d)  
Fig. 2. Photos of (a) scene of explosion accident, (b) destroyed dryer, (c) exploded blower and (d) broken windows of the plant. 
After the primary investigation, the cause of the accident is recognized to be explosion mixtures formed by a too high 
concentration of solvent vapors (ethylene chloride in this case). The mixtures are ignited by an ignition source which is 
believed to be electrostatic spark caused by over-quick gas flow rate during the drying process. 
3. Model study 
3.1. Framework for modelling research 
As described above, the initial reason of a circulation dryer explosion accident is normally a high concentration of 
flammable solvent vapors. When the concentration reaches the LEL, explosive mixtures are formed. So if the concentration 
of solvent vapors in the drying chamber can be simulated beforehand, and some measures can be done to control the key 
influence factor of a high concentration, the drying process will be much safer. According to the standpoint above, the 
diagram of the research framework is presented in Fig.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Research framework diagram. 
3.2. Study on concentration model of solvent vapors 
A differential equation proposed by Stolpe can be used to calculate the time-based gas concentration of any constituent 
during a drying process[8]. The equation can be described as: 
tcLDcV ddd 0
                                                                 
(1) 
According to further research, the volume concentration of solvent vapor at any moment is influenced by several related 
factors including the substance amount of the solvent, the total volume of the dryer (V0), the ventilation quantity (L) and the 
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processing temperature (T). Given different factors, the concentration can be distinctly different. After large quantity of 
practical simulating research, a conclusion can be drawn that the factors discussed above can only influence the value of 
concentration, the shape of concentration-time curves based on different factors are similar, as is shown in Fig.4. 
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Fig. 4. Typical time dependent concentration curve in dryer. 
It is obvious that the single-peaked curve contains a maximum in concentration (cmax), which is also affected by the 
multiple factors presented above. With the concentration formula and each factor studied in detail, a calculating model of 
time dependent concentration and the top concentration in drying process is obtained, as is shown below. 
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3.3. Influence coefficient of factors 
The factors affecting the time dependent concentration and the top concentration during a drying process are T, n, v0 and 
L according to the calculating model. Which factor has the greatest impact on the concentration level should be studied in 
order to keep the concentration of solvent vapors under LEL simply and efficiently. With both mathematical and 
experimental methods used, the influence level of each factor is described as influence coefficient, which is shown in Table 
1. 
                                              Table 1. Influence coefficient of each factor 
No. Factor Influence coefficient 
1 V0 ( 1.5m3) 0.28 
2 V0 (>1.5m3) 0.04 
3 L ( 0.45m3/s) -1.84 
4 L (>0.45m3/s) -7.92 
5 T ( 70oC) 2.09 
6 T ( 70oC) 9.03 
7 n 5.54 
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Subtractive influence coefficient means the factor is negatively correlated to the concentration. As Table 1 shows, the 
higher flow rate of fresh air, the lower concentration of solvent vapors in the dryer. A large absolute value in the influence 
coefficient means a high influence level to the concentration. The three key factors that affect the concentration most during 
drying are the processing temperature (when >70oC), the flow rate of fresh air (when >0.45m3/s) and the substance amount 
of the solvent. Typically, the operating temperature in indirect electrical heating circulation drying is almost inevitably over 
70oC, which means the most efficient way to control the concentration of the solvent vapors is to lower the processing 
temperature as much as possible. 
On the other side, a too low temperature or a reduction of solvent used in coatings may lead to a bad production quality 
or a low efficiency. In addition, high flow rate of fresh air need high-powered venting device, which need higher cost. 
Therefore, finding a balance point of drying temperature, venting rate and solvent amount is believed to the best way to 
control the concentration of solvent vapors from all aspects such as safety, efficiency and economy. 
4. Practical application 
4.1. Model application and results comparison 
To study on the practical effect of the concentration calculating model, it is applied in a drying process in an electrical 
motor plant using indirect electrical heating circulation drying technology in Guangzhou. A series of experiments have also 
been done for the contrasting data. The main parameters related to the drying process are shown in Table 2 and the 
comparison of results is represented in Fig.5. 
                                              Table 2. Main related parameters 
No. Parameter name Parameter value 
1 Combustible solvent composition C2H3Cl 
2 Total volume of materials(m3) 2.10 
3 Gross mass of solvent(kg) 4.42 
4 Total volume of dryer(m3) 5.33 
5 Venting rate(m3/s) 0.33 
6 Processing temperature(oC) 135 
7 Processing pressure(kPa) 101.33 
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Fig. 5. Comparison of modelling result and experimental data. 
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As is shown in Fig.5, the modelling curve of the solvent vapor concentration is very close to the experimental 
concentration data and the trends of concentration value changing are similar. The top volume concentration of solvent 
vapor in the dryer is about 7.20%, while the experimental data is 7.33%. The average relative error rate of the calculating 
model is less than 5%, which means a good practical application effect of the model is obtained. 
4.2. Effect of concentration controlling 
After investigating the practical drying process in the plant, a group of improved processing parameters which can 
control the key factors influencing the concentration of solvent vapors during drying process to reduce the concentration 
value is concluded, according to Part 3.3. The improved parameters are shown in Table 3. 
                                              Table 3. Improved processing parameters 
No. Parameter name Parameter value 
1 Combustible solvent composition C2H3Cl 
2 Total volume of materials(m3) 2.00 
3 Gross mass of solvent(kg) 3.85 
4 Total volume of dryer(m3) 5.33 
5 Venting rate(m3/s) 0.50 
6 Processing temperature(oC) 130 
7 Processing pressure(kPa) 101.33 
 
With an improvement in processing parameters, the key factors affecting the concentration of combustible gas is 
controlled. As a multi-affecting result of processing temperature reduction, solvent amount reduction and venting rate rise, 
the top concentration of C2H3Cl gas in the drying chamber during the process is 3.7% according to the field measurement, 
and it is less than the LEL of chloroethylene which is 4% in volume. In other words, the drying process using the improved 
processing parameters is theoretically free from explosion danger. 
5. Conclusions 
The concentration of combustible solvent vapors during circulating drying process can be simulated by using a 
calculating model and some basic operating parameters of the process. The simulating results are relatively accurate 
according to the practical validation. The processing temperature (when >70oC), the flow rate of fresh air (when >0.45m3/s) 
and the substance amount of the solvent are found as the key factors that influence the concentration of solvent vapors most 
in drying process. By controlling the key factors, the concentration can be reduced to a relatively safe level (below the LEL) 
without a reduction of production quality and efficiency, which is also proved by experiments and field practice. 
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